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SUMMARY 

The mechanical propert ies  of a tungsten - 20-volume-percent uranium dioxide 
composite have been investigated a t  temperatures ranging from 3000° t o  5000° F. 
m e  proper t ies  of t h i s  mater ia l  appear consistent and a r e  similar t o  the  prop- 
e r t i e s  of unalloyed tungsten. 

The presence of the  uranium dioxide p a r t i c l e s  improves the short-time ten- 
s i l e  strength of tungsten while causing a general decrease i n  d u c t i l i t y  a t  t e m -  
peratures  above 3000' F. No appreciable difference w a s  observed i n  the t e n s i l e  
propert ies  of the  composite mater ia l  from t e s t s  conducted i n  both hydrogen and 
vacuum. 

Creep-rupture propert ies  of the composite mater ia l  were a l s o  investigated.  
The creep res i s tance  of t h i s  simulated nuclear f u e l  materia 4 arEs t o  bebaL 
quate f o r  c e r t a i n  p o t e n t i a l  nuclear propulsion systems. C 

INTRODUCTION 

I n t e r e s t  i n  a water-moderated nuclear reactor  as a propulsion device f o r  
space vehicles  has resu l ted  i n  a study of possible refractory metal-base f u e l  
element mater ia ls  ( r e f .  1). Because of t h e  extremely high operating tempera- 
t u r e s  (-4500' F )  contemplated f o r  such a reactor, uranium dioxide (melting 
point, approximately 5000° F )  i s  of prime i n t e r e s t  as the  f i s s i le  material .  
Tungsten i s  most favorably considered as the matrix material because of i t s  
compatibil i ty with uranium dioxide ( r e f .  2 )  and with the  propellant hydrogen, as  
w e l l  as i t s  superior mechanical propert ies  a t  very high temperatures ( r e f .  3). 

Although present design concepts f o r  a water-moderated thermal reac tor  do 
not reqii.i.re that the f u e l  elements serve as s t r u c t u r a l  members, the  f u e l  ele- 
ments w i l l  be subjected t o  both aerodynamic and thermal s t resses  i n  a hydrogen 
environment. Knowledge of the  mechanical properties of the  f u e l  element ma- 
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t e r ia l  i s  therefore  necessary i n  t h e  design of t h e  reactor.  
t h i s  invest igat ion was t o  evaluate some of t h e  high-temperature mechanical 
propert ies  of tungsten - uranium dioxide f u e l  composites i n  order t o  provide 
information needed f o r  conceptual design of a reactor.  

The purpose of 

Since t h e  proposed reactor  i s  thermal, r e l a t i v e l y  low f u e l  loadings (10- 
t o  30-volume-percent uranium dioxide dispersed i n  a continuous tungsten matrix) - 
a r e  contemplated. I n  t h i s  study of the propert ies  of tungsten - uranium diox- 
ide composites, most of the  t e s t s  u t i l i z e d  a nominal reference compositon of 
20-volume-percent uranium dioxide (tungsten - 20 percent uranium dioxide).  
mechanical proper t ies  of t h i s  material  were determined from t e n s i l e  t e s t s  con- 
ducted i n  vacuum and hydrogen between 3000' and 5000' F, and from creep-rupture 
t e s t s  conducted i n  vacuum between 3000' and 4500' F. 

The 

MATERIALS 

The tungsten - uranium dioxide composites used i n  t h i s  invest igat ion were 
prepared by a powder metallurgy technique described i n  d e t a i l  i n  reference 4. 
Essent ia l ly  t h i s  fabr ica t ion  technique consisted of blending selected tungsten 
and uranium dioxide powders, cold compaction i n  s t e e l  dies, and hydrogen s i n t e r -  
ing a t  3200' 3'. The s in te red  bars  were subsequently hot r o l l e d  a t  approximately 
3600° F i n t o  t h i n  s t r i p s  0 . 0 3  inch th ick  by 1 inch wide by 7 inches long. 
f i n a l  densi ty  of approximately 17 .3  grams per  cubic centimeter, o r  98 percent of 
t h e o r e t i c a l  density, w a s  consis tent ly  achieved f o r  the  20-volume-percent uranium 
dioxide composites. The s t r i p s  were c l a d  on the  major surfaces with 0.002-inch 
tungsten sheet during r o l l i n g  t o  produce a metal lurgical  bond between t h e  core 
and cladding. The necessi ty  f o r  
a dense surface cladding a r i s e s  from t h e  f a c t  t h a t  uranium dioxide has a rela- 
t i v e l y  high vapor pressure a t  high temperatures and thus has a strong tendency 
t o  vaporize a t  temperatures above 4000° F ( r e f .  5) .  
nium dioxide from the composites can be e f fec t ive ly  minimized by the  appl icat ion 
of a t h i n  surface l a y e r  of tungsten (ref. 6 ) .  

A 

The edges of the r o l l e d  s t r i p s  were not clad. 

The poten t ia l  l o s s  of ura- 

- 
Tungsten cladding- 

Tungsten - uranium 
dioxide core 

Tunasten claddina - - c-69549 
Figure 1. - Microstructure in longitudinal direction of as-rolled 

tungsten - 20-volume-percent uranium dioxide fuel plate. 
Unetched. X100. (Reduced 3 3  percent in  printing.) 

Metallographic ex- 
amination ( f i g .  1) of 
the t e s t  mater ia l  a f t e r  
fabr ica t ion  revealed a 
s t ruc ture  of s l i g h t l y  
elongated uranium di- 
oxide p a r t i c l e s  i n  a ma- 
t r i x  of recrys ta l l ized  
tungsten. The average 
tungsten grain diameter 
measured i n  the r o l l i n g  
d i rec t ion  was found t o  
be approximately 8~10'~ 
cent ime t e r . 
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(a) Tensile specimen. 

APPARATlTS AND PROCEDuEiE 

Test Specimens 

Tensile and creep-rupture speci- 
mens used i n  t h i s  study are i l l u s -  
t r a t e d  i n  f igure  2. The specimens 
were machined from the  r o l l e d  p l a t e s  
by t h e  e l e c t r i c a l  discharge tech- 
nique. It i s  important t o  note t h a t  
the t e n s i l e  axis of the  specimens co- 
incides with t h e  r o l l i n g  d i rec t ion  of 

TA Gage 
mark 

TA Gage 
mark 

- 
the fabr icated plates .  

To allow f o r  o p t i c a l  measurement 
of s t r a i n  during creep tests, 0.020- 
inch tantalum wires were spot welded 
t o  t h e  reduced sect ion of the  creep- 
rupture specimens. The tantalum 
wires were equally spaced from t h e  (b) Creep-rupture soecimen. . .  

Figure 2 -Test specimens. 
center of the  specimen with a t o t a l  
gage length of 0.750 inch. 

High-Temperature Tensile Tests 

The majority of the  t e n s i l e  tes ts  were conducted i n  vacuum ( - 5 ~ 1 0 ~ ~  t o r r )  

Figure 3. -Typical tensile fracture of composite material. 

a t  temperatures ranging from 3000' t o  ' 
5000' F. Additional t e s t s ,  however, 
were conducted i n  hydrogen (3  ps ig)  
determine the e f f e c t  of t h i s  t e s t  en- 
vironment. A commercial, screw-driven 
t e n s i l e  t e s t i n g  machine equipped with a 
1000 -pound maximum, s t  ra in-  gage- type, 
load c e l l  was used f o r  a l l  of these 
t e s t s .  The load c e l l  was connected t o  a 
conventional load-time recorder with a 
standard 12-inch-wide s t r i p  char t  gradu- 
a ted i n t o  hundredths of f u l l  scale.  
Three s t a t i o n s  of the  recorder were cal-  
ibrated t o  record f u l l - s c a l e  displace- 
ments of 100, 200, and 500 pounds. The 
vacuum t e s t  chamber and the tungsten re-  
sistance sheet heater  used i n  t h i s  study 
have been described previously i n  re fer -  
ences 7 and 8, respectively.  Specimen 
temperature was measured with a c a l i -  
brated tungsten - tungsten-26-percent- 
rhenium thermocouple wired t o  t h e  speci- 
men a t  i t s  midpoint. Measured specimen 
temperature d id  not vary by more than 
5150 F during any of the  t e n s i l e  t e s t s .  

t o  
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Tensile specimens were heated t o  the  desired t e s t  temperature i n  approximately 
30 minutes, soaked a t  temperature f o r  a period of 5 t o  10 minutes, and loaded 
t o  f a i l u r e  a t  a crosshead speed of 0.030 inch per  minute. 

b z o g e n  

Vacuum 

Hydrogen 

Vacuum 

The 0.2-percent y i e l d  s t rength and ult imate t e n s i l e  s t rength were deter-  
Because of t h e  generally jagged mined from the  load-time record of the t e s t .  

nature of the  f rac ture  encountered during t e s t i n g  ( f i g .  3), f i n a l  elongation 
measurements were d i f f i c u l t  t o  obtain, and the  r e s u l t s  were inconsistent.  When 
t h e  f i n a l  thickness and width of the  f rac tured  surface were measured with point 
micrometers, however, reproducible values f o r  t h e  reduction i n  area were ob- 
tained. 

3500 
3500 
3500 

4000 
4000 
4000 

4000 
4000 
3950 
42 50 
4350 

4500 
4500 
4500 
4500 
47 50 
5010 

Creep-Rupture Tests  

Creep and s t ress-rupture  propert ies  were determined i n  vacuum (-5x10' 5 

TABU I. - TENSILE PROPERTIES OF TUNGSTEN - 20 PERCENT 

URANIUM DIOXIDE 

[Z  ~ i l  tungsten cladding.] 

sphere 

Vacuum 

Hydrogen 
3000 
3080 

Vacuum 3500 
3500 1 3500 

.Z-Percent 
y i e l d  

strength,  
psi  

20,000 
15,150 
16,100 

~ 

18,650 
14,350 
21,000 

8,420 
12,600 
12,180 

11,300 
9,600 

10,680 

5,870 
5,220 
5,480 

7,050 
6,000 

5,410 
5,180 

7,120 

3,245 

3,700 
3,610 
2,450 
1,500 

4,380 

Ultimate 
t e n s i l e  
s t rength  

p s i  

20,500 
16,510 
17,750 

19,500 
15,900 
22,800 

~~ 

9,290 
12,800 
12,620 

11,900 

11,500 
10,650 

6,280 
5,930 
5,940 

8,900 
7,700 

5,915 
5,550 

7,790 

3,430 

3,940 

3,020 
1,530 

4,410 

4,090 

Area 
:eduction, 
percent 

28.9 
23.0 
41.5 

14. 4 
39.5 

9.7 

25.0 

14 .3  
( a )  

1 3 . 4  
13.8 
10 .2  

17 .3  
9.65 
( a )  

9.8 
8.8 

8 .2  
8.5 

--- 

9 . 3  
8.5 

13.1 
9 .1  
( a )  
(a )  

aFracture surfaces t o o  i r r egu la r  t o  measure accu- 
r a t e ly .  

t o r r )  on a conventional, constant- 
load machine a t  temperatures rang- 
ing  from 3000° t o  4500° F. 
t e s t  chamber, vacuum system, heat- 
i n g  elements, and temperature re -  
cording technique were similar t o  
those used f o r  the t e n s i l e  t e s t s .  
The creep specimens were heated t o  
t h e  desired temperature and allowed 
t o  soak a t  temperature f o r  5 min- 
u t e s  p r i o r  t o  the  appl icat ion of 
load. Loading was accomplished by 
suspending weights from the speci- 
men within t h e  evacuated chamber. 
Temperature var ia t ion  during creep 
tes ts  did not exceed *2O0 F. 
imen temperature was recorded on a 
s t r i p  chart  during the  t e s t .  

The 

Spec- 

Rupture l i f e  w a s  obtained from 
an e l e c t r i c  t imer designed t o  s top 
a t  the  i n s t a n t  of f rac ture .  Creep 
extension was measured with an op- 
t i c a l  cathetometer s ighted on tan-  
talum wires spot welded t o  the  edge 
of the  specimen. Although t h e  
cathetometer w a s  graduated i n  
0.0001-inch divisions,  t h e  gage 
length readings were reproducible 
only t o  within f0.0002 inch. 
curves were constructed from the  
elongation data, and the  second 
stage ( s teady-s ta te )  creep rate w a s  
determined from these creep curves. 

Creep 
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(c) Ductility. 

Figure 4. - Effect of temperature on ten- 
sile properties of tungsten - 20 percent 
uranium dioxide. Clad with 2 mil thick 
coating of tungsten. 

FXSULTS AND DISCUSSION 

Tensile Propert ies  

The r e s u l t s  of the  short-time t e n s i l e  t e s t s  
a re  given i n  t a b l e  I and are  shown i n  f igure  4. 
The average ultimate and 0.2-percent y ie ld  
s t rength f o r  tungsten - 20 percent uranium diox- 
ide  decreased from approximately 20,000 and 
17,000 pounds per square inch, respectively,  at  
3000° F, t o  1520 and 1500 pounds per square inch, 
respectively,  a t  5000' F. 
measured by the reduction i n  area, decreased from 
between 9 and 40 percent a t  3 0 O o  F t o  between 
8 and 16  percent a t  4500' F. 
above 4500° F, t h e  f r a c t u r e  was too i r r e g u l a r  t o  
permit any reduced area measurements t o  be made. 

Tensile d u c t i l i t y ,  as 

A t  temperatures 

A comparison of the  average y i e l d  and u l t i -  
mate s t rength propert ies  of tungsten - 20 percent 
uranium dioxide with t h e  reported propert ies  of 
commercially produced, powder metallurgy tungsten 
sheet (ref. 8 )  ind ica tes  t h a t  t h e  tungsten - 20- 
percent uranium dioxide mater ia l  i s  s l i g h t l y  (ap- 
proximately 5 percent) stronger than commercial 
tungsten sheet over the  temperature range inves t i -  
gated. 

To ascer ta in  whether t h i s  mild strengthening 
was due t o  the presence of the  dispersed uranium 
dioxide p a r t i c l e s  i n  t h e  composite o r  t o  process- 
ing variables,  unalloyed tungsten bars and 
tungsten - uranium dioxide bars  of various compo- 
s i t i o n s  (10- t o  50-volume-percent uranium dioxide) 
were prepared i n  an i d e n t i c a l  manner and t e s t e d  i n  
vacuum a t  4500O F. The r e s u l t s  of these t e s t s  are 
given i n  tab le  I1 and the  average propert ies  are 
shown i n  f igure 5. From f igure 5, it i s  apparent 
t h a t  additions of uranium dioxide up t o  30 volume 
percent s l i g h t l y  improve the  4500° F t e n s i l e  
strength of tungsten. Since the proposed reac tor  
w i l l  u t i l i z e  f u e l  loadings of 30-volume-percent 
uranium dioxide o r  less ,  the increased s t rength  of 
the composite mater ia l  r e l a t i v e  t o  s imi la r ly  pro- 
duced unalloyed tungsten w i l l  be useful  i n  t h e  re-  
actor  design. 

A s  can be seen from f igure  4(c),  the  t e n s i l e  
d u c t i l i t y  of tungsten - 20 percent uranium dioxide 
i s  qui te  inconsistent,  par t icu lar ly  a t  t h e  lower 
t e s t  temperatures (-3000° F) .  Compared with unal- 
loyed tungsten, t h e  t e n s i l e  d u c t i l i t y  of the  re f -  
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TABU 11. - TENSILE PROPEEPIES OF "UIIGSTEN-URANIUM 

DIOXIDE COMPOSITES AT 4500' F I N  VACUUM 

[ 2  Mil  tungsten cladding.] 
Area 

reduction, 
percent 

1 4 . 1  
15.2 

( a )  

14.8 
11 .7  
10.3 

8 .5  
13.1 

9 . 1  

9.4 
18.7 
17.6 

10.6 
9.2 

6.0 
~ ~- 

of uranium strength,  
dioxide 

20 

30 

40 

50 

4400 
3590 

4380 
3700 
3610 

4150 
3910 
4050 

3145 ---- 
---- 

Ultimate 
t e n s i l e  
strength,  

p s i  

3480 
3580 
4160 

3950 
4420 
3790 

4410 
3940 
4090 

4230 
4090 
42 70 

3225 
3260 

2550 
I I 

aFracture surface t o o  i r r egu la r  t o  measure d u c t i l i t y .  

(a) Ultimate tensile strength. 

(b) Yield strength. 

Volume percent of u ran ium dioxide 

(c) Ductility. 

Figure 5. - Effect of fuel loading on 4500' F tensile prop- 
erties of tungsten-uranium dioxide composites. Clad 
with 2 mi l  thick coating of tungsten. 

erence composite i s  generally 
lower. This lowering of ten- 
s i l e  d u c t i l i t y  i s  a t t r i b u t e d  
t o  the coarse grain s t ruc ture  
of the  matrix and t o  the 
s t r a i n  concentrating e f f e c t  
of the  second phase, as dis: 
cussed i n  reference 9, 
wherein the  t e n s i l e  d u c t i l i t y  
of composite mater ia ls  i s  , 
shown t o  decrease s teadi ly  as 
t h e  volume percent of t h e  
dispersoid increases. 

O f  more concern than the  
r a t h e r  low d u c t i l i t y  of the  
tungsten - 20-percent uranium 
dioxide composite i s  the ex- 
treme s c a t t e r  observed a t  the  
lowest t e s t  temperature 
( 3000° F) .  Metallographic 
examination (see photomicro- 
graphs of f i g .  6)  revealed 
tha t ,  i n  those specimens t h a t  
exhibi ted r e l a t i v e l y  high 

t e n s i l e  d u c t i l i t y  ( ~ s - p e r c e n t  reiuc- 
t i o n  i n  area) ,  both the tungsten grains  
and t h e  uranium dioxide p a r t i c l e s  near 
the  f r a c t u r e  surface underwent consid- 
erable  p l a s t i c  deformation p r i o r  t o  
f r a c t u r e  ( f i g .  6 ( a ) ) .  The f r a c t u r e  i n  
these instances w a s  transgranular,  
which ind ica tes  t h a t  the deformation 
was accomplished by a slip-type mech- 
anism. Further  examination revealed 
t h a t  i n  those specimens t h a t  exhibi ted 
low t e n s i l e  d u c t i l i t y  (<25-percent re-  
duction i n  area), f r a c t u r e  occurred by 
intergranular  separation of the  tung- 
s ten  gra ins  without d i s t o r t i o n  of the  
uranium dioxide par t ic le 's  ( see  f i g .  
6 ( b ) ) .  
t e s t e d  a t  temperatures above 3000' F 
exhibi ted in te rgranular  f racture ,  it 
appears t h a t  a t r a n s i t i o n  i n  t h e  mode 
of deformation occurs a t  approximately 
3oOOo F and t h a t  t h e  high-temperature 
deformation mechanism i s  not as con- 
ducive t o  high d u c t i l i t y  as i s  t h e  low- 
temperature s l i p  mechanism. Similar 
r e s u l t s  f o r  unalloyed tungsten are re- 
ported i n  reference 10, where high- 

Since a l l  t h e  t e n s i l e  specimens 
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- 
(a) TemRerature. 3GuU0 F. 

( c i  Temperature, 3500" F. 

. I f  ' 

Ib) Temperature, 3000" F. 

(d) Temperature, 4000" F. 

( f l  Temperature, hi F. (e) Temperature, 4506' F. 

F igu re  6. - Representative m ic ros t ruc tu res  near  f rac tu re  sur face of tens i le  specimens. Etchant, Murakami's reagent; X250. (Reduced 3 3  percent 
in pr in t ing. )  

7 



- 
temperature d u c t i l i t y  i s  shown t o  be sens i t ive  t o  s t r a i n  ra te .  

I n  general, the  t e n s i l e  propert ies  of t h e  tungsten - 20-percent uranium di -  

Although the y i e l d  and the  ult imate s t rength of the  composite 
oxide mater ia l  t e s t e d  i n  hydrogen were similar t o  the t e n s i l e  propert ies  ob- 
served i n  vacuum. 

Test 
temperature, 

OF 

3000 

3500 

TABLE 111. - CREEP-RUPI'URF PROPERTTES OF 

T U N G S "  - 20 PERCENT URANIUM DIOXIDE 

[2 Mil tungsten cladding.] 

Initial 
stress, 
PS i 

2220 
2500 
3000 
4000 
6000 
7000 
9000 

2220 
2 500 
3000 
4000 

4000 

4500 
1000 
1500 
2200 
2500 
3000 

Minimum 
:reep rate, 
in. /in. /min 

Rupture 
life, 
min 

1. oxlo-6 

2.oxlo-6 

1.2~10-5 

3.8xl0-~ 

7. O x m 7  

8. OXLO-6 

1.37~lO-~ 

1. 6x10-5 
1 . 1 ~ 0 - ~  
1.74~10-~ 
1.71~lO-~ 
1. 66x10-4 

923 
527.9 
293 
165 

383 
117.6 
69.1 
54.5 
37.1 

13.4 
3.1 

"Test not continued to failure. 
bTest duration not sufficient for creep rate 
to be determined. 

.- 
VI CL 

VI VI 

z z 

appear t o  be s l i g h t l y  higher and the  
d u c t i l i t y  lower a t  temperatures of 
4000° F but higher when t e s t e d  i n  hy- 
drogen as opposed t o  vacuum, there  i s  
a considerable amount of overlap i n  t h e ,  
data. Metallographic examination of 
t e n s i l e  specimens t e s t e d  i n  hydrogen 
d id  not reveal  any c h a r a c t e r i s t i c s  not 
observed i n  vacuum t e s t e d  specimens. 

. 

A t  temperatures of 4500' F and 
higher, vaporization of t h e  uranium 
dioxide p a r t i c l e s  i n  t h e  immediate vi-  
c i n i t y  of the  f r a c t u r e  surface w a s  ob- 
served ( f i g s .  6 ( e )  and ( f ) ) .  Since 
vaporization of the uranium dioxide 
p a r t i c l e s  was not observed t o  occur i n  
regions of the  t e n s i l e  specimen away 
from t h e  f rac ture  surface, the  vapori- 
zation i s  assumed t o  have occurred dur- 
ing o r  immediately a f t e r  f r a c t u r i n g  of 
t h e  specimen. 

Creep and Stress-Rupture Data 

The data obtained from creep- 
rupture t e s t s  between 30000 and 4500° F 
are  presented i n  t a b l e  111. The e f f e c t  
of s t r e s s  and temperature on the  
second-stage creep r a t e  of tungsten - 
20 percent uranium dioxide i s  shown i n  - 

f igure  7. For s t r e s s  
l e v e l s  low enough t o  per- 
m i t  10-hour rupture l i f e ,  
the second-stage creep 

10-7 10-6 10-5 10-4 10-3 
Creep rate, in.lin./min 

Figure 7. - Minimum creep rate of tungsten - 20 percent uranium dioxide as func- 
tion of temperature. Clad with 2 mil thick coating of tungsten. 

r a t e  of tungsten - 
20 percent uranium di- 
oxide increases from ap- 
proximately inch per 
inch per minute a t  
3 0 O o  F t o  approximately 
10-4 inch per inch per 
minute a t  4500° F. A 
comparison of the  steady- 
s t a t e  creep r a t e  of the 
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reference mater ia l  with unalloyed tungsten i s  d i f f i c u l t  because of the  wide 
spread i n  the reported creep data f o r  unalloyed tungsten between 3000' and 
45000 F. For example, comparison of these data with data f o r  s intered and 
swaged tungsten rods (ref. 11) indicates  tha t  unalloyed tungsten i s  s l i g h t l y  
more creep r e s i s t a n t  than t h e  composite tungsten - 20-percent uranium dioxide 
sheet material used i n  t h i s  investigation. Examination of the  reported creep 
rate da ta  f o r  s in te red  tungsten sheet ( r e f .  12), however, l eads  t o  the conclu- 

s ion t h a t  the  tungsten - 
20-percent uranium d i -  
oxide mater ia l  i s  con- 

r e  s i  s t a n t  than unalloyed 

20, 000 

10, 000 siderably more creep 

I 5,000 tungsten. 

5 2,m The s t ress-rupture  
z 

c h a r a c t e r i s t i c s  of the  
1, 000 reference mater ia l  a r e  

I I I 1 I l i l l  I I 1 1 1 1 1 1 1  I I l 1 l l l - u  I I I 1 1 1 1  i l l u s t r a t e d  i n  f igure  8. 
1 10 100 lo00 10,000 The allowable s t r e s s  f o r  

Time to rupture, min 

Figure 8. - Stress-rupture characteristics of tungsten - 20 percent uranium diox- 
rupture i n  1 hour de- 
creases from approxi- 
mately 14,000 pounds per ide. Clad with 2 mil thick coating of tungsten. 

square inch a t  3oOOo F t o  1300 pounds per square inch a t  4500' F. 
rupture l i f e ,  the  allowable s t r e s s  a t  3 0 O o  F i s  7000 pounds per  square inch 
and a t  4500' F i s  700 pounds per  square inch. 
than those reported f o r  unalloyed tungsten ( re fs .  11 and 1 2 ) .  

For a 10-hour 

These values a re  somewhat lower 

Metallographic examination of the  creep specimens revealed t h a t  local ized 
vaporization of the  uranium dioxide occurred 
a t  4500' F, though not necessar i ly  a t  the 
f rac ture  surface. From f igure  9 it appears 
t h a t  grain boundary separation i n  the  tung- 
s ten cladding occurred during creep, the  
uranium dioxide thus being exposed t o  t h e  
vacuum. A s  previously mentioned, uranium 
dioxide i s  known t o  vaporize qui te  readi ly  
i n  a high-temperature, low-pressure environ- 
ment. 

figure 9. - Fuel loss through tungsten cladding during creep 
at 4500" F. Etchant, Murikami:s reagent; )(250. (Reduced 
33prcent in printing.) 

It i s  not known a t  present i f  the  l o s s  
of uranium dioxide occurs a t  a r e l a t i v e l y  
uniform r a t e  during creep or, as seems more 
probable, if it i s  confined t o  t h e  t e r t i a r y  
stage of creep. Further invest igat ion i n  
t h i s  area i s  necessary. No l o s s  of uranium 
dioxide was noted i n  creep specimens t e s t e d  
a t  lower temperatures, although f rac ture  was 
observed t o  be intergranular  i n  a l l  cases. 
Typical microstructures near the  fractured 
surface o f  creep specimens are  presented i n  
f igure 10. - 9 
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(a) Temperature, 3OMl" F. (b) Temperature, 3500" F 

(d)  Temperature, 4500' F. 

specimens. Etchant, Murakami's reagent: X250. (Reduced 33  percent in 

(c) Temperature, 40M)" F. 

Figure 10. - Typical microstructures near fracture surface of creep-rupture 
printing. 1 

SUMMARY OF RESULTS 

An invest igat ion of the  high-temperature mechanical propert ies  of a 
tungsten-uranim dioxide composite yielded the  following r e s u l t s :  

1. The short-time t e n s i l e  s t rength of tungsten - 20-percent uranium dioxide 
composites was s l i g h t l y  superior t o  t h a t  of s imi la r ly  produced tungsten a t  e le -  
vated temperatures. The average short-time t e n s i l e  s t rength of t h i s  material  
decreased from approximately 20,000 pounds per square inch a t  3000° F t o  1500 
pounds per  square inch a t  5000° F. 

2. There appeared t o  be no appreciable difference i n  t e n s i l e  propert ies  of 
tungsten - 20-percent uranium dioxide composites t e s t e d  i n  e i t h e r  vacuum or  hy- 
droge n . 
10 



3. The high-temperature t e n s i l e  d u c t i l i t y  of tungsten - 20-percent uranium 
t dioxide composites generally decreased with increasing t e s t  temperature. The 

1 

t e n s i l e  d u c t i l i t y ,  as measured by reduction i n  area, varied from between 9 and 
40 percent a t  3000' F t o  between 8 and 16 percent a t  4500' F. 

I 
4. The s teady-state  creep r a t e  of tungsten - 20-percent uranium dioxide 

composites appears t o  be adequate f o r  cer ta in  p o t e n t i a l  nuclear propulsion sys- 
terns. 
the  creep r a t e  was approximately inch per inch per minute, while a t  s t r e s s  
l e v e l s  low enough t o  permit a 10-hour rupture l i f e ,  the  creep rate w a s  approxi- 

1 
, A t  4500' F, with a s t r e s s  l e v e l  suff ic ient  t o  produce rupture i n  1 hour, 

I ha te ly  inch per inch per minute. 

I 5. The s t ress-rupture  properties of the tungsten - 20 percent uranium 
1 dioxide were somewhat l e s s  than those of unalloyed tungsten over the same tem- 

perature range. The allowable stress f o r  rupture i n  1 hour decreased from 
I 14,000 pounds per square inch a t  3oOOo F t o  1300 pounds per square inch a t  

4500° F, while the s t r e s s  f o r  rupture i n  10 hours decreased from 7000 pounds per 
square inch a t  3000° F t o  700 pounds per square inch a t  4500° F. 

6. A t  4500° F, local ized vaporization of t h e  uranium dioxide through 
I t h e  tungsten cladding of the composite w a s  observed. Since the  vaporization 

, 
occurred through separated grain boundaries i n  the tungsten cladding, it i s  
more l i k e l y  t h a t  the vaporization occurred during t h e  t e r t i a r y  stage of the 
creep ra ther  than a t  a r e l a t i v e l y  uniform r a t e  throughout the e n t i r e  period of 
creep. 

I Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, June 5, 1964 
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